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PHOTOPLETHYSMOGRAPHIC
INSTRUMENT

FIELD OF THE INVENTION

This invention relates to medical monitoring 1nstruments
that use at least one light emitting device to illuminate a
patient tissue site and 1s particularly applicable to photopl-
cthysmographic arrangements having at least one detector
that receives light from a plurality of light emitting devices
and outputs a multiplexed signal in response thereto.

PROBLEM

It 1s a problem 1n the field of photoplethysmographic
medical monitoring instruments to obtain light detector
outputs of sufficient magnitude, quality, and stability to
accurately measure the desired physiological characteristics
of the subject. The light emitting devices that are used 1n
probes have varying performance characteristics, the
absorption characteristics of the tissue vary widely accord-
ing to probe site and subject, and the presence of external
influences such as ambient light can cause significant error
components 1n the resultant measurements. These problems
can be compounded in arrangements 1n which the detector
receives light from a plurality of emitters and provides a
multiplexed output signal 1n response thereto.

SOLUTION

The above-described problems are addressed and a tech-
nical advance achieved in the field by the photoplethysmo-
ographic mnstrument of the present invention.

In one aspect, the mvention includes a plurality of light
emitting devices, a light detector means for receiving light
from the light emitting devices, and an amplifier means
having a settable gain for amplifying a multiplexed detection
signal indicative of the light received by the light detector
means, wherein the amplitude of said multiplexed detection
signal 1s maintainable within a predetermined amplitude
range. Preferably, the multiplexed detection signal 1s a signal
output by the detector means.

A monitoring means may be provided to monitor the
amplitude of the multiplexed detection signal and to provide
a digital control signal to set the gain of the amplifying
means. In one approach, the multiplexed detection signal
may be converted to a digital signal for processing by a
digital processor, wherein an extracted amplitude value may
be compared with a references value(s) defining said pre-
determined amplitude range. In the event the compared
value 1s outside of the predetermined range, the digital
processor may be preprogrammed to automatically provide
a digital control signal to a switching means comprising the
amplifier means, wherein an appropriate gain 1s applied via
a transimpedance amplifier to maintain the detection signal
within the predetermined range. By way of example, where
the photoplethysmographic instrument 1s utilized with tissue
thicknesses significantly greater/less than a predetermined
norm, the applied gain may be automatically adjusted
upward/downward by the monitoring means.

By virtue of utilizing an amplifying means with an
adjustable gain to amplify a multiplexed detection signal
fixed drive means may be advantageously employed to
provide fixed drive signals for the light-emitting device(s).
For example, different, fixed current signals may be applied
to each different one of a plurality of laser diodes. The use
of a fixed drive means serves to stabilize the output tem-
perature versus wavelength characteristics of the light-
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emitting device(s), thereby reducing the potential for error
associated with wavelength shift. Additionally, such an
approach avoids the need for circuitry typically required to
adjust the drive level of light emitting device(s).

Of particular note, 1n arrangements where a plurality of
light sources are sequentially activated (e.g., by a time-
division multiplexed (TDM) drive circuit) the gain applied
by the amplifying means may be selectively set in corre-
sponding relation to each of the successive portions of the
resultant time-division multiplexed (TDM) detection signal.
More particularly, in TDM applications, a control signal
may be provided to effect the separate setting of a gain level
to each sequential portion of the TDM detection signal. As
will be appreciated, gain levels may be predetermined in
relation to each of the light emitting devices based upon the
known light intensity output attributes of the light emaitting
devices employed.

It should also be noted that in TDM applications, the
plurality of light emitting devices may be activated so that
cach TDM detection signal portion includes a first subpor-
tion corresponding with activation of a corresponding one of
the light emitting devices and a second subportion corre-
sponding with a precedent or subsequent dark time during
which all of the light emitting devices are 1nactive. In turn,
the gain level applied to each given TDM detection signal
portion may be applied to both of the first and second
subportions thereof.

In additional aspects of the present invention, at least one
light emitting device and a detector means (e.g. a photodiode
detector) may be employed with an amplifying means that
comprises bootstrap amplifier configuration or a balanced
input transimpedance amplifier configuration. More
particularly, 1n the bootstrap amplifier configuration, a first
amplifier may be employed to maintain a substantially zero
bias across the detector means and a second amplifier may
be employed to present a substantially zero impedance load
to the detector means. In this regard, a transimpedance
amplifier and bootstrap amplifier may be interconnected
across the detector means. Such an arrangement facilitates
rapid gain switching in an amplifying means downstream of
the detector means (e.g., in a switched gain circuit compris-
ing the amplifying means as described above). Additionally,
the noted bootstrap amplifier configuration may be
employed with detector means to facilitate rapid gain
switching in a drive means for one or more light emitter(s),
wherein narrower drive pulses may be employed. Rapid gain
switching 1s of particular merit 1n the above-noted TDM
applications.

As 1ndicated, a balanced mput transimpedance amplifier
conflguration may also be employed 1n the amplifying
means of the present invention. More particularly, first and
second transimpedance amplifiers may be interconnected
across a detector means, wherein a common gain level 1s
applied to each of the amplifiers by corresponding first and
second switched gain circuits. Again, the gain for each
circuit may be set by a digital control signal.

In yet another aspect, an inventive apparatus 1s provided
in a TDM arrangement that employs a signal rotating means.
More particularly, the apparatus may comprise a plurality of
light-emitting devices which are sequentially driven by a
time-division multiplexing drive means and a light detector
means for receiving a portion of the light that 1s transmatted
by an 1lluminated patient site. The signal rotating means 1s
provided to receive a detection signal indicative of the light
received by the detection means, wherein the detection
signal comprises a plurality of sequential portions corre-
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sponding with the sequential activation of the light emitters
(c.g., the portions may be sequenced in the same order in
which the light emitting devices are activated). The rotating
means functions to change the order of the detection signal
portions 1 accordance with a predetermined ordering
scheme, and output a reordered signal. The signal rotating
means may be advantageously employed to reduce switch-
ing noise occasioned by demultiplex/multiplex switching in
a low pass filter.

In one embodiment comprising one or more of the above-
noted aspects, an 1inventive apparatus uses a time-division
multiplexed fixed drive to activate a plurality of emutters,
and a detector with an amplifier having a time-division
multiplexed put stage whose gain 1s digitally set to pro-
duce roughly uniform magnitude output signals for all of the
input signals received as a result of sequentially activating
cach of the plurality of light emitting devices. The gain that
is set for each given “optical channel” (e.g. each different
detector output signal portion corresponding with a different
emitter and the corresponding signal handling/conditioning/
processing applied to such portion) is also maintained for an
assoclated dark time measurement for that optical channel.
Such approach ensures that both the ambient light compen-
sation and electronic offsets employed in detection compo-
nentry are computed for a selected optical channel at the
same gain setting that 1s used to collect the input data
ogenerated for the selected optical channel. This individual-
1zed optical channel compensation combined with the com-
mon amplifier channel compensation and a fixed light source
drive improves the accuracy of the resultant computations.

Numerous additional aspects and advantages of the
present mvention will become apparent upon consideration
of the description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a illustrates one embodiment of the present inven-
fion 1 block diagram form, as implemented 1n a photopl-
cthysmographic instrument

FIG. 1b 1illustrates the embodiment of FIG. 1la with

modifications that eliminate the need for separating an AC
component of a detection signal.

FIG. 2 illustrates details of one embodiment of a switched

cgain amplifier employable 1n the embodiments of FIGS. 1a
and 1b.

FIG. 3 illustrates details of another embodiment of a

switched gain amplifier employable in the embodiments of
FIGS. 1a and 1b.

FIG. 4 illustrates details of yet another embodiment of a

switched gain amplifier employable in the embodiments of
FIGS. 14 and 1b.

FIG. 5 1llustrates details of an embodiment of the low pass

filter/channel s rotator/ambient light subtraction circuit
included in the embodiments of FIGS. 1a and 1b.

DETAILED DESCRIPTION

The typical medical monitoring instrument consists of
two primary segments: an electronics/processor (control)
module, resident within a monitor, and a probe that is
attachable to a tissue site on a patient for performing the
measurements of a desired physiological characteristic of
the patient. Typically, the probe is interconnected to the
monitor via a cable that delivers drive signals to light
emitters comprising the probe or interconnected to the end
of the cable for optical interface with the probe.
Alternatively, the cable may deliver optical signals (e.g. via
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optic fiber(s)) from emitters in the monitor to the probe. The
cable also delivers an output signal from a light detector(s)
within the probe to the monitor for signal conditioning and
processing.

Photoplethysmographic Probe Application

A pulse oximeter 1s a photoplethysmographic istrument
that 1s typically used to monitor the condition of a patient in
a hospital setting. The pulse oximeter instrument
noninvasively, photoplethysmographically measures ana-
lytes present 1n the patient’s arterial blood and produces a
human readable display that indicates both the patient’s
heart rate and the oxygen saturation of the patient’s arterial
blood. These readings are important to enable the medical
stail to determine whether the patient’s respiratory system 1s
functioning properly, e.g. supplying sutficient oxygen to the
blood.

Pulse oximeters typically operate by utilizing a probe that
transilluminates an appendage of the patient (such as a
finger, ear lobe, or the nasal septum) that is rich in arterial
blood and measures the amount of light that 1s absorbed by
the pulsatile portion of the arterial blood to thereby deter-
mine oxygen saturation of the arterial blood. The pulse
oximeter instrument often utilizes a plurality of light-
emitting devices, each of which transmits light at a prede-
termined wavelength, which wavelengths are selected such
that at least one 1s highly absorbed by oxygenated hemo-
cglobin 1n the arterial blood and at least one 1s highly
absorbed by reduced hemoglobin 1n the arterial blood. The
amount of absorption of the light beams generated by these
light emitting devices 1s a measure of the relative concen-
tration of the oxygenated and reduced hemoglobin 1n the
artertal blood. The absorption of the light that 1s being
transmitted through the appendage of the patient includes a
constant portion that 1s a result of skin, bone, steady-state
(venous and non-pulsatile arterial) blood flow and light loss
due to various other factors. The pulsatile component of
absorption 1s due to the pulsatile arterial blood flow and 1s
a small fraction of the received signal. The pulsatile com-
ponent or both the pulsatile and non-pulsatile components
may be used by the pulse oximeter instrument to perform its
measurements.

The measurements are computed by periodically sam-
pling the output of a light detector located 1n the probe. In
time-division multiplexing applications, the samples are
obtained 1n synchronization with sequential activation of the
light emitting devices to determine the incremental change
in absorption at the various wavelengths of light transmatted
through the appendage of the patient. In frequency division
multiplexing applications, the light emitting devices are
modulated at different frequencies and the detector output is
demodulated based upon such frequencies. Such demodu-
lation allows the detector output signal samples to be
employed to determine the change in absorption at the
different centered wavelengths associated with the emiatters.
The incremental changes 1n light absorption are used to
compute the oxygen saturation of the arterial blood as well
as the patient’s pulse rate. The pulsatile component of the
signals received by the light detector represent only a small
fraction of the incident light and 1t 1s important that the
transmitted signals have sufficient amplitude and minimal
noise to provide accurate readings.

Probe Signal Characteristics

In the field of medical monitoring instruments, 1t 1s
essential to obtain sufficient signal output from the sensor
devices that perform the measurements of the desired physi-
ological characteristics of the subject to enable the moni-
toring instrument to compute an accurate result. The precise
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regulation of sensor operation 1s complicated by the fact that
the sensor devices are typically located 1n a probe device,
attached to the monitoring instrument at the end of a length
of cable. This configuration and the hostile environment
typically found in medical monitoring applications yields
analog signals received at the monitoring mnstrument that are
noisy and of small magnitude. It 1s therefore necessary to
amplily the received analog signals to a level that 1s usable
by the monitoring instrument without significantly distorting,
the received analog signals or introducing significant noise
components.

System Architecture

FIG. 1a 1illustrates in block diagram form the overall
architecture of one embodiment of the present invention. In
particular, a probe P affixable to a patient 1s attached via a
cable to a monitoring instrument, such as a pulse oximeter
PO. A fixed drive 101, which includes a drive control circuit
operating 1n conjunction with a fixed light emitting device
drive circuit, functions to provide a fixed drive to each of a
plurality of light emitting devices LD1-LLD4. By way of
example, a different, fixed current drive signal may be
provided to each of the light emitting devices LD1-1LD4,
wherein each of the devices LD1-LD4 produces a corre-
sponding light beam of predetermined intensity at different
sclected center wavelengths. The emitting devices
[L.D1-1.D4, located in probe P, are mmdividually and sequen-
fially activated and cycled between an off state and an on
state. The plurality of light emitting devices LD1-L.D4 are
therefore activated seriatim until all of the light emitting
devices LD1-LLD4 have been cycled off-on-off, and the
cycle begins again for the next sampling interval.

At least one light detector DD1 1s included in the probe P
to measure the intensity of the light that emanates from the
patient’s appendage (e.g., a finger) and to output a multi-
plexed signal indicative thereof. The probe P of FIG. 1
illustrates the use of two light detectors DD1-DD2, to
thereby more readily span the range of wavelengths pro-
duced by the light emitting devices LD1-1L.D4. The two light
detectors DD1-DD2 are connected in parallel, and their
output 1s connected via cable to a switched gain preamplifier
102 located 1n the pulse oximeter PO. As will be further
described, 1n one arrangement switched gain preamplifier
102 may include a transimpedance amplifier and bootstrap
amplifier interconnected across the detectors DD1-DD2
which eliminates the capacitance of the photodetector that
comprises the light detectors DD1-DD2 and cabling as a
factor 1n the response characteristics of the receiver circuit
comprising the switched gain preamplifier 102. The gain of
the receiver circuit can therefore be changed more rapidly. In
turn, normalization of the plurality of optical channels can
be more readily performed 1n the receiver circuit rather than
in the light generation circuit comprising fixed drive 101.

The switched gain preamplifier 102 (as described in detail
below) includes a gain stage and an application stage. The
gain stage receives a digital input (e.g. from a
microprocessor) to set the gain of the switched gain pream-
plifier 102. The digital signal 1s converted into a gain control
signal by an analog switch circuit and applied i1n the ampli-
fication stage. The operation of fixed drive 101 and switched
cgain preamplifier 102 1s time multiplexed 1n a synchronous
fashion by a master clock and timing control circuit. Both a
dark time and light output time corresponding with each
light source are measured at the same preamplifier gain,
thereby reducing error components 1n the resultant signals.
That 1s, any error component that originates from the ampli-
fier operation at a particular gain level 1s compensated for by
making the dark time and light time measurements at the
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same amplifier gain. Similarly, and concurrently, the ambi-
ent light level 1s compensated for by measuring the ambient
light (e.g., corresponding with a dark time) substantially
concurrently with the light transmitted by the appendage
from an activated light emitting device LD1-LLD4. Thus,
during each segment of a sampling cycle, both the present
level of ambient light and the gain-specific error components
are concurrently compensated.
Circuit Operation—Waveform Diagram

Waveform diagram W1 on FIG. 1a 1s 1llustrative of the
operation of the switched gain preamplifier 102. The wave-
form 1s segmented 1nto four sections, or signal portions, each
of which 1s indicative of the response of the switched gain
preamplifier 102 for a selected one of the four light emaitting
devices LD1-1L.D4. As noted above, the gain of the switched
cgain preamplifier 102 1s set as a function of the particular
light emitting device LD1-LD4 that 1s next in a predeter-
mined sequential ordering for activation. Thus, for the first
section of the waveform, the gain of the switched gain
preamplifier 102 1s set to a value of G1 at time S1B and
maintained at this level until time S2B. The gain G1 1is
representative of the gain required for light emitting device
[.D1 during its on condition (LL1) to maintain a signal output
amplitude at the predetermined desired level. The gain G1 1s
also applied during the immediately precedent off time (D1)
included within the first signal portion from time S1B to
S2B, thereby enabling the pulse oximeter system to measure
the signal level of the system during this dark time for the
cgain G1 used for the light emitting device LD1. Thus, the
comparison of light “on” "7 output 1s

output to light “off
measured at the identical gain, which gain 1s selected
specifically for the light emitting device LD1 that 1s pres-
ently being activated during this section of the waveform.

The signal levels present during the various gain time
periods G1-G4 for the various dark times D1-D4 can vary
significantly. If an average signal output for a dark time were
to be used for all the output signals for the various light
emitting devices LD1-1.D4, a significant error component
could be imtroduced into the resultant computations, since
the signal during a dark time interval 1s a function of the
system gain. The switched gain preamplifier 102 1s set to a
specific gain as a function of the characteristics of the
presently active light emitting device, and since each on time
has associated precedent dark time, the on time and prece-
dent dark time measurements for each channel are made at
the same gain to minimize the error 1n the subsequent
computations.
Gain and Signal Determination

The amplified signals produced by switched gain pream-
plifier 102 are transmitted through low pass filter/channel
rotater/ambient light subtraction circuit 103. The low pass
filter/ambient light subtraction portions of circuit 103 correct
the light measured by detectors DD1-DD2 by reducing the
measured magnitude of the light detected as a result of
activating a light emitting device LD1-1.LD4 by the amount
of ambient light that 1s present. Thus, circuit 103 produces
a signal that represents the difference between the signal
magnitude during the Dt, ., time period and the associated
Lt, . , time period. This signal difference represents the
measured light intensity that emanates from the transillumi-
nated appendage of the patient. Further, and as will be
described below, the channel rotating portion of circuit 103
functions to rotate the timing sequence of the signal portions
for periods G1-G4, which reduces the amount of switching
noise introduced into the signals by the demultiplexing/
multiplexing circuitry of circuit 103. The output signal
produced by low pass filter/channel rotator/ambient light
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subtraction circuit 103 1s amplified by composite gain circuit
104. The magnitude and sequence of the signal output by
composite gain circuit 104 1s 1llustrated mm waveform dia-
ocram W2 1 FIG. 1. As shown 1n waveform W2, signal
portions C1-C4 corresponding with the emitter “on” por-
tions L1-1.4 of waveform W1 have been rotated 1n sequence
(i.e. to yield a C4, C1, C2, C3 ordering). Further, the ambient
light component of the signal portions have been removed.

Following the composite gain circuit 104 demultiplexer
105 separates the four time multiplexed optical channels
corresponding with the D1/LL1-D4/1.4 signal portions of
waveform W1 1nto four individual signal processing
channels, wherein the signals for each of the optical chan-
nels are individually processed. The output of demultiplexer
105 1s applied to bus B1 and concurrently to a 5th order low
pass four channel compensation circuit 106.

The 5th order low pass four channel compensation circuit
106 filters out high frequency signal components and applies
the resultant signals via bus B2 to four of the eight inputs of
a sample and hold/multiplexer circuit 112. In another
arrangement, circuit 112 may have 16 inputs, wherein the
signals from circuit 106 are applied to 4 of the 16 mputs. The
sample and hold/multiplexer circuit 112 stores the received
signal values and sequentially outputs the stored signals to
16-bit analog to digital converter circuit 113 for conversion
to a digital representation. The digitized signals from the
four signal channels output by 5th order low pass four
channel compensation circuit 106 represent the optical chan-
nel values and are used by processor 114 to set the gain of
switched gain preamplifier circuit 102.

For example, processor 114 may set the gains for each
optical channel via corresponding predetermined algorithms
or reference values (e.g., stored in a look-up table) that have
been established based upon known intensity output char-
acteristics for the sources LD1-1.D4 at their corresponding
predetermined fixed drive current levels. As will be
appreciated, circuit 106, bus B2, sample/hold multiplexer
circuit 112 and A/D converter 113 combinatively provide a
means for monitoring the amplitude of the output of detec-
tors DD1-DD2, wherein processor 114 may provide appro-
priate digital signals to switched gain preamp 102 for
selective gain setting on a channel-specific basis. Numerous
other monitoring arrangements may be utilized. For
example, the output from preamp 192 may be provided
directly to bus B2 by an interconnect 115 for use 1n moni-
foring.

The four channels of signals output on bus Bl are also
used to determine the light intensity received by the light
detectors DD1-DD2. The high pass filter 111 removes
undesired low frequency signal components and multiplexer
110 switches the filtered signals to common gain stage 109
where the AC component of the received signal (e.g.,
corresponding with the pulsatile component of the light
detected by detectors DD1-DD2) is amplified by a prede-
termined amount to obtain the required signal magnitude.
Wavelorm W3 1llustrates the output signals A1-A4 that are
produced for the four optical channels as a result of this gain
operation. The amplified signals are demultiplexed by
demultiplexer 108 for processing on an individual channel
basis by 5th order low pass four channel compensation
circuit 107. The resultant filtered signals are applied to
another four channels of the sample and hold/multiplexer
circuit 112. The sample and hold/multiplexer circuit 112
stores the recerved signal values and sequentially outputs the
stored signals to 16-bit analog to digital converter circuit 113
for conversion to a digital representation. The digitized
signals from the four signal channels output by 5th order low
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pass four channel compensation circuit 107 represent the
optical channel measured light intensity values and are used
by processor 114 along With the signals output by circuit
106 to determine the concentration of the desired analytes
that are present in the arterial blood in a conventional
manner.

As will be appreciated, a master clock may be employed
with conventional timing control circuitry to synchronize
operation of the various components of the described
arrangement. For example, all components other than cir-
cuits 106, 107 and 111 may be synchronized in operation via
a single master clock.

The described arrangement enables the use of a fixed
drive 101 on the light emitting devices LD1-1.D4. This 1s an
important advantage, particularly when the light emitting
devices LD1-1.D4 are laser diodes since the gain of laser
diodes cannot be readily and/or reliably adjusted over a wide
range of 1ntensity. Furthermore, 1f light emitting diodes are
used for the light emitting devices LD1-LD4, then any
significant change 1n the device drive can cause a shift in
operating temperature and output wavelength, which causes
errors 1n the computed measurements. Thus, the provision of
a constant drive on the light emitting devices LD1-1.D4, and
the compensation for the resultant signal magnitude varia-
tions 1n the switched gain preamp 102 of the receiver circuit
provide improved system performance. The use of switched
cgain for both the light and dark times also reduces the error
component caused 1n prior systems by the use of a single
dark time ambient measurement. Further, the use of a signal
rotating scheme 1n the receiver circuit further reduces error
components associated with demultiplexing/multiplexing
switching.

Alternate System Block Diagram

The embodiment depicted in FIG. 1b represents an
improvement to the embodiment of FIG. 1a that 1s possible
because of the use of high resolution analog to digital
converters. With the use of analog to digital converters with
orecater than 20 bit resolution 1t may not be necessary to
separate the AC component of the detection signal to obtain
the resolution required to make accurate blood analyte
calculations. This block diagram shows the outputs of the 5%
order low pass filters 106 being fed directly into a quad 22
bit analog to digital converter 1134, thus eliminating com-
ponents 107 through 112 of the embodiment of FIG. 1a.
Switched Gain Transimpedance Bootstrap Amplifier Circuit
Details

The circuit details of one embodiment of the switched
cgain preamplifier 102 of the present invention are disclosed
in FIG. 2.

In the 1llustrated switched preamp embodiment 1024, a
transimpedance amplifier 201 (e.g., an inverting operational,
or single stage differential, amplifier) functions as a current
to voltage converter. An ideal current source has an infinite
output 1mpedance and produces an output current that is
independent of the load that i1s presented to the current
source. Photodetectors DD1-DD2 are basically current
sources that have a finite but large output impedance. For
small load impedances that are connected to photodetectors
DD1 and/or DD2 the output impedance can be considered to
be substantially infinite. The transimpedance amplifier 201
1s 1nterconnected at its inverting input to photodetectors
DD1 and DD2, and presents an essentially zero impedance
load to photodetectors DD1 and DD2 via the interconnection
of the photodetectors DD1 and DD2 to the virtual ground of
the summing junction of the transimpedance amplifier.
Bootstrap amplifier 202 (e.g., a non-inverting unity gain, or
non-inverting buffer, operational amplifier) provides a low
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impedance source to maintain substantially zero volts or bias
across the photodiodes DD1 and DD2.

This bootstrap preamplifier configuration substantially
climinates the capacitance of the photodetectors DD1 and
DD2 and cabling between the Probe P and pulse oximeter
PO as a factor in the response characteristics of the tran-
simpedance amplifier 201. The gain of the receive circuit
can therefore be changed quite rapidly by the use of a
switched gain determination circuit 203. As such, the nor-
malization of two or more optical channels corresponding
with two or more light sources can be performed more
readily in the receiver circuit (e.g., rather than in the light
generation circuit, thereby facilitating the use of fixed drive
means).

A digital representation of the gain determined by the
processor 114 is transmitted to the switched gain determi-
nation circuit 203. More particularly, the digital signal 1is
provided to an analog multiplexer which connects one or
more of a predetermined plurality of resistor-capacitor com-
binations (e.g., R1/C1-R8/C8) across a feedback network,
which thereby sets the gain of the transtmpedance amplifier
201.

Balanced Input Transimpedance Amplifier with Switched
Gain

An alternate embodiment of a switched preamp 1025 1s
disclosed 1n FIG. 3.

This circuit embodiment defines a balanced input tran-
simpedance amplifier arrangement and 1s similar to the
circuit of FIG. 2, except that the bootstrap amplifier 1n the
FIG. 2 embodiment 1s replaced with a transimpedance
amplifier 303 of opposite polarity to transimpedance ampli-
fier 301. The gain applied to amplifier 303 1s determined by
a switched gain determination circuit 304 and is established
to match the gain impedance determined by the switched
gain determination circuit 302. The outputs of the transim-
pedance amplifiers 301 and 303 are summed by amplifier
3035. This circuit provides a high common mode rejection to
error signals coupled 1nto the photodetectors DD1-DD2 or
onto the cable connecting the photodetectors DD1-DD2 to
the input of the transimpedance amplifiers 301 and 303 (e.g.,
error signals resulting from interference with electromag-
netic emissions of other medical equipment, including e.g.
electro-surgical pencils). This balanced input preamplifier
conflguration can be used with low capacitance photodiodes
DD1 and DD2 and cabling to maintain high frequency
response characteristics of the transimpedance amplifiers
301 and 303. In the 1llustrated arrangement, the digital
representation of the gain determined by the processor 114
1s transmitted to the switched gain preamp 1025 at analog
multiplexers 1n each of the switch gain determination cir-
cuits 302 and 304. Each of the multiplexers in switch gain
determination circuits 302 and 304 connects one or more
resistor-capacitor combinations (R1/C1-R8/C8 and R11/
C11-R18/C18) across corresponding feedback networks
which set the gains of the transimpedance amplifiers 301 and
303, respectively.

Alternate Balanced Input Transimpedance Amplifier with
Switched Gain

Yet another embodiment of a switched gain amplifier
103c¢ 1s disclosed 1n FIG. 4.

This circuit embodiment defines a balanced input tran-
simpedance amplifier similar to the embodiment of FIG. 3,
except that it has a single transimpedance amplifier 401 with
a ixed gain and the switched gain 1s performed 1n a separate
gain stage utilizing multiplex switch 402 and amplifier 403.
This configuration uses fewer components and allows more
flexibility 1n choosing the gain components 402 and 403.
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Signal Channel Rotating Circuit

The circuit details of the low pass filter/channel rotator/
ambient light subtraction circuit 103 are disclosed in FIG. 5.

The waveform WI represents the signal coming from the
preamplifier circuit 102 as described under Circuit
Operation—Wavelorm Diagram. In low pass {ilter portion
103a, each of the subportions of the waveform W1 (D1-D4
and L1-1.4) undergoes demultiplexing onto separate chan-
nel lines by circuit element 501 and 1s low pass filtered by
resistor R§01 1n conjunction with corresponding capacitors
C501 through C508 (e.g., to yield 5 hertz filtering), with the
intensity magnitude of each subportion being stored as a
voltage on its respective channel line capacitor. In a channel
rotator portion 103b, the voltages stored on the capacitors
C501 through C508 are rotated as they are sent on their
respective channel lines 1nto the multiplexer circuit element
502. This remultiplexes the eight signals in a different order
than they were coming into circuit element 501 as repre-
sented 1n wavelorm Wla. This channel rotator portion 1035
allows the remultiplexing to avoid the switching noise
created by the switching of signals onto the capacitors by
circuit element 501. High impedance mput butfer amplifier
503 reduces errors due to droop of the capacitors.

In ambient light subtraction portion 103C, ambient light
and offset voltages from the preamp 102 are subtracted from
the signal by capacitor C509 and the operation of circuit
clements 504 and 505. Analog switch 505 1s turned on
during each dark time allowing capacitor C509 to charge up
to the voltage present on the dark time capacitors C501,
C503, C505, and C507 1n seriatum. Then, the analog switch
505 1s opened during each light time thus effectively sub-
tracting each dark time voltage from the corresponding light
time voltage. High impedance input buffer amplifier 504
then passes the multiplexed signal on to the composite gain
stage.

The description provided above 1s not intended to limit
the scope of the present invention. Numerous other arrange-
ments and adaptations will be apparent to those skilled in the
art.

I claim:

1. An apparatus for noninvasively measuring components
of arterial blood 1n a patient, comprising:

a plurality of light emitting devices for emitting light of
predetermined spectral content to 1lluminate a site on
said patient that 1s perfused with arterial blood;

light detector means for receiving a portion of said light
that 1s transmitted by the i1lluminated site;

amplifying means having a settable gain for separately
amplifying a plurality of time-divided signal portions
of a multiplexed detection signal indicative of said
transmitted light received by the light detector means,
wherein each of said plurality of time-divided signal
portions 1ncludes a first subportion corresponding with
activation of a corresponding one of said plurality of
light emitting devices and a second subportion corre-
sponding with a sequential dark time during which all
of said plurality of light emitting devices are 1nactive.

2. The apparatus of claim 1, further comprising:

monitoring means for monitoring an amplitude of said
multiplexed detection signal and for providing a control
signal to set the gain of the amplifying means, wherein
the amplitude of said multiplexed detection signal 1s
maintained within a predetermined range.

3. The apparatus of claim 2, wherein:

said plurality of light emitting devices are sequentially
activatable and deactivatable so that said multiplexed
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detection signal comprises a corresponding said plu-
rality of time-divided signal portions; and

said control signal 1s provided to separately set the gain of
said amplifying means in relation to each of said

plurality of time-divided signal portions.

4. The apparatus of claim 3, further comprising;:

signal rotating means for receiving a first ordered signal
corresponding with said multiplexed detection signal
and for rotating a sequential order of said plurality of
time-divided signal portions to provide a re-ordered
signal.

5. The apparatus of claim 1, wheremn said amplifying

means COMmprises:

a first amplifier for maintaining a substantially zero bias
across the detector means.
6. The apparatus of claim 5, wherein said first amplifier
COMprises:

a non-inverting operational amplifier having a first input
interconnected to an input of said detector means and a
second 1nput interconnected to an output of said detec-
tor means.

7. The apparatus of claim 5, wherein said amplifier means

further comprises:

a second amplifier for presenting a substantially zero
impedance load to the detector means.
8. The apparatus of claim 7, wherein;

said detector means includes a photodiode;

said first amplifier includes a non-inverting operational
amplifier having a first input interconnected to an 1nput
of said photodiode and a second 1nput interconnected to
an output of said photodiode; and

said second amplifier includes an inverting operational
amplifier having a first input interconnected to an
output of said photodiode and a second 1nput 1ntercon-
nected to a virtual ground and to said photodiode
output.
9. The apparatus of claim 8, wherein said amplifying
means further comprises:

a switching means for receiving said control signal and
providing a predetermined gain signal to said second
input of the inverting operational amplifier.

10. The apparatus of claim 2, further comprising:

a fixed drive means for providing fixed drive signals to
sequentially activate each of said plurality of light
emitting devices.

11. A method for noninvasively measuring components of
arterial blood 1n a patient using a plurality of light emitting
devices, each of which generates a beam of light of prede-
termined wavelength, to 1lluminate a site on said patient that
1s perfused with arterial blood, said method comprising the
steps of:

applying fixed drive signals to activate said plurality of
light emitting devices;

producing a multiplexed analog signal comprising a plu-
rality of time-divided signal portions, using a light
detector, 1mndicative of an intensity of a portion of the
light that 1s transmitted by said illuminated site,
wherein each of said plurality of time-divided signal
portions includes a first subportion corresponding with
activation of a corresponding one of said plurality of
light emitting devices and a second subportion corre-
sponding with a sequential dark time during which all
of said plurality of light emitting devices are 1nactive;

separately amplifying each of said plurality of time-
divided signal portions of said multiplexed analog
signal using an amplifier having a settable gain; and
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monitoring an amplitude corresponding with said ampli-
fied time-divided signal portions to provide a control
signal to set the gain of said amplifier, wherein said
monitoring an amplitude comprises subtracting said
second subportion from said first subportion.

12. The method of claim 11, wherein said applying step
includes sequentially activating each of said plurality of
light emitting devices seriatim so that said multiplexed
analog signal comprises a plurality of time-divided signal
portions, and wherein the amplifying step comprises:

separately setting the gain of said amplifier in relation to
cach of said plurality of time-divided signal portions.
13. The method of claim 12, wherein each of said plurality
of time-divided signal portions includes a first subportion
corresponding with activation of a corresponding one of said
plurality of light emitting devices and a second subportion
corresponding with a sequential dark time during which all
of said plurality of light emitting devices are inactive, and
wherein said amplifying step includes maintaining said
separately set gain the first and second subportions of each
of the plurality of time-divided signal portions.
14. The method of claim 12, further comprising:

rotating a first ordering of said plurality of time-divided
signal portions to provide a second ordering thereof.
15. The method of claim 11, wherein said amplifying step
COMPIISES:

maintaining a substantially zero bias across the light
detector.
16. The method of claim 11 wherein said amplifying step
further comprises:

presenting a substantially zero impedance to the light
detector.
17. An apparatus for noninvasively measuring compo-
nents of arterial blood 1n a patient, comprising;:

a plurality of light-emitting devices for sequentially emit-
ting light of a predetermined spectral content to 1llu-

minate a site on a patient that 1s perfused with arterial
blood;

light detector means for receiving a portion of said light
that 1s transmitted by the i1lluminated site; and

signal rotating means for receiving a detection signal
indicative of the light received by the detection means,
wherein the detection signal comprises a plurality of
portions each corresponding with a different one of the
plurality of light sources, and wherein said rotating
means rotates the order of the detection signal portions,
in accordance with a predetermined ordering scheme to
provide a reordered signal.

18. The apparatus of claim 17, further comprising:

demultiplexing means for providing each of said plurality
of detector signal portions to said rotating means 1n
corresponding separate channels; and

multiplexing means for receiving each of a plurality of
portions of said reordered signal from said rotating
means and multiplexing said rotated signal portions.

19. The apparatus of claim 17, further comprising:

amplifying means having a settable gain for amplifying
said detection signal.

20. An apparatus for noninvasively measuring compo-
nents of arterial blood 1n a patient, comprising:

at least one light emitting device for emitting light of a
predetermined spectral content to 1lluminate a site on
said patient that 1s perfused with arterial blood;

a detector means for receiving a portion of said light that
1s transmitted by the i1lluminated site; and
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amplifying means for amplifying a detection signal
indicative of said transmitted light received by the
photodiode, and including a first amplifier for main-
taining a substantially zero bias across the detector
means.

21. The apparatus of claim 20, wherein said first amplifier

COMPrises:

a non-inverting operational amplifier having a first input
interconnected to an input of said detector means and a
second 1nput interconnected to an output of said detec-
tor means.

14

22. The apparatus of claim 21, wherein said amplifying
means further includes a second amplifier for presenting a
substantially zero impedance load to the detector means.

23. The apparatus of claim 22, wheremn said second
amplifier includes an 1nverting operational amplifier having
a {irst 1nput 1nterconnected to an output of said photodiode
and a second mput interconnected to a virtual ground and to
said photodiode output.
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